Introduction
In addition to the desire for high aerodynamic performance, modern helicopter designs also aim for low rotor noise. This is particularly important for civilian helicopters that operate near heavily populated areas. There are two main types of noise that cause problems for helicopters. The first type is noise that is due to the interaction of the rotor blades with their vortical wake systems. This type of noise is called blade-vortex interaction, or BVI, noise. The second type of noise is called highspeed impulsive, or HSI, noise. It is characterized by a strong acoustic disturbance that occurs over a very short period of time. Impulsive noise is generally associated with high tip speeds and advancing tip Mach numbers greater that 0.9.
Accurate prediction of rotor noise is essential for its control. The most commonly used noise prediction techniques are based on the Ffowcs Will-*Presented at the 19th Army Science Conference, 20-24 June, 1994, Orlando, Florida.
**This paper is declared the work of the US Government and is not subject to copyright protection in the United States. . This approach contains terms that model three different components of rotor noise. The first two components are thickness noise and loading noise. These are computed from the linear superpositioa of integrated monopole and dipole sources over the surface of the blade. The third term is a nonlinear quadrupole integral that is much more difficult to evaluate and typically neglected. Examples of this type of acoustics model are given in Refs. [2] [3] .
The difficulty in modeling the nonlinear quadrupole term is the main drawback with acoustics models that are based on the Ffowcs Williams and Hawkings equation. Without this term, the acoustic signals in the far field are typically underpredicted as shown in Ref. [4] . Improved accuracy has been obtained with alternate methods that are based on nonlinear computational fluid dynamics (CFD). For example, Baeder [4] solved the Euler equations to model the acoustics of rotor blades both in hover and in forward flight. Acoustic solutions were obtained at distances of up to 3.5 radii from the rotor hub. The problem with this approach is that the demand for computer resources increases exponentially as the solution domain is extended beyond the rotor blade. It is not currently practical to propagate helicopter acoustic waves much beyond 3 rotor radii without excessive numerical dissipation.
A third approach to rotor acoustic prediction uses the combination ofa CFD method close to the rotor blade and a linear Kirchhoff integral formula to carry the acoustic solution to the far field. The Kirchhoff integral approach, such as that in Ref. [5] Also, the Kirchhoff surface can be positioned to minimize numerical dissipation in the CFD solution.
However, this rotating-surface Kirchhoff formulation has one major problen_ The Kirchhoff integral in Refs. [5] [6] [7] [8] assumes that the Kirchhoff surface moves subsonically. Evaluation of the integral for a surface that moves supersonically is much more difficult and has not been successfully applied to a helicopter problem.
Restriction ofthe Kirchhoffintegral to subsonic surfacemotion can be a major problem forhighspeed rotary-wingapplications. This isbecausethe rotatingvelocity increasesas _2r,where .o is the blade angular velocity and r isthe distancein the plane of the rotorfrom the hub to a pointon the Kirchhoff surface.For the high-speed test case computed laterin thispaper,a rotatingKirchhoff surfacemust be locatedlessthan 1.4chords from the tip of the blade in order to ensure subsonic motion.This location may be toocloseforaccurate acousticpredictionsbecause the strong aerodynamic shock on the blade surfacecreatesnonlinearities near the tip.
The acoustic prediction methods in Refs. [3, 9] do not have this problem with supersonic motion of the Kirchhoffsurface. This isbecause the integral evaluationstake placeon a nonrotatingsurface. A coordinatetransformationis used to interpolate the near-field CFD solutiononto a nonrotating, cylindrical Kirchhoffsurface.The challengewith thismethod iswhether the CFD solution can carry the acousticsignalout to the Kirchhoffcylinder with low numerical dissipation. However, there is no constraint on the radiallocation of the surface as longas itcompletelyenclosestherotorblades.
Baeder et al. [3] have used a structured-grid Euler CFD solverand the nonrotatingKirchhoff formulationto compute HSI noise fora hovering rotor. Strewn et al. [9] This is the first time that a nonrotatingKirchheftsurfacehas been used to compute the acousticsfrom rotorsin forward flight_ Resultsfrom the method are compared to experimental data for HSI noise.Solution accuracy is addressed and computed solutions exhibit minimal numericaldissipation. The overallcomputationalefficiency of the method isalsodiscussed.
Near-Field CFD Solution
The structured-grid Euler/Navier-Stokes solver called TURNS [10, 11] is used to compute the aerodynamic field close to the helicopter rotor. CFD code solves the Navier-Stokes equations about rotating helicopter blades. Since viscous effects are minimal for the test cases considered in this paper, the TURNS code is run in an inviscid mode.
The two computed cases in this paper were experimentally tested by Schmitz et al. [12] . They consist of a 1/7 scale research model of a US Army AH-1 helicopter with a blade aspect ratio of 9.22. Both cases have the same hover-tip Mach number of 0.665, with advance ratios of 0.258 and 0.348, respectively.
Identical computational grids for the TURNS code have been constructed for both test cases. They consist of a series of 50 C-meshes that are stacked in the spanwise direction, with 20 located on the blade surface. Because the computed cases are nonlifl2ng, the problem is symmetric about the plane of the rotor.This means that the solution need onlybe computed overhalfthecomputational domain. Each C-mesh is locatedalong a constant radiallinefrom the hub of the rotor and contains 68 pointsin thecherdwisedirection with 48 points on the lower surface of each airfoil section. 35 points are located in the directionnormal to the blade surface.
A view ofthe CFD mesh in theplane of therotor is shown in Fig. 1 . Note that the computational domain extendsout to2 rotorradii from thehub in the plane of the rotor. The outer boundary of the grid below the rotor blade is set at 1.5 radii. Between the blade tip and the outer spanwise boundary, the clustered region of the mesh is swept backwards_m an effort to capture the acoustic signal with minimal numerical dissipatio_ Similar solutions for these cases were computed on similar grids by Baeder [4] , who also used the TURNS code. In that study, however, the acoustic field was computed directly with the CFD code and the Kirchhoff surface approach was not used. Because of this, Baeder's CFD solutions covered a much larger computational domain in the spanwise direction than in the current work. In spite of these differences, the acoustic solutions near the blade tip in this paper are virtually identical to those computed by Baeder.
The 
Kirchhoff Surface Method
It is not practical to continue the CFD solution to large distances in the spanwise direction. Large numbers of mesh points are required and the calculation rapidly becomes too large for existing computers.
An alternate approach is to place a nonrotating cylindrical Kirchhoff surface around the rotor blades as shown in Fig. 2 . Strictly speakhag, the Kirchhoff surface should completely enclose the rotor blades, but the top and bottom surfaces are neglected for these computations. They are located so far above and below the rotor plane that their contributions to the far-field acoustics are typically very small. Most of the rotor noise is produced in the plane of the rotor.
The Kirchhoff surface translates with the rotor hub when the helicopter is in forward flight. The acoustic pressure, p, at a fixed observer location, k, and observer time, t, can be evaluated by performing the following integration on the cylindrical surface: The expressions for E 1 and E 2 are given as:
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These expressions assume that the surface is moving with steady translational motion. Addi_onal terms that are required to account for unsteady or rotational motion are given in Ref. [5] .The expression for E2in Eq. (3)has been modified from the original Farassat and Meyers" [5] formula by using the simplifiedexpression found in Ref. [13] .
In the above equations, M n and M r are the components of M along h and _-in Fig.2 . Mt isthe velocity vector tangent to the Kirchhoff surface, and Vp is the gradient of the pressure on the Kirchhoff surface.The freestream speed of sound is assumed to be uniform at a_, and the angle, 0, is defined in Fig. 2 .
Evaluation of the integral in Eq.
(1) at the emission time requires a seriesof coordinate transformations to properly access the CFD database on the Kirchhoff surface. These transforms can be described with the aid of Fig. 3 . Fig. 3a shows
requires that the pressures on the Kirchheff surface be evaluated at the time they were emitted. At the time of emission, both the Kirchhoff surface and the rotorblade were in differentlocations.
In order to findthese locations,the delay between the observer time, t,and the emission time, x, must firstbe computed. This can be determined from Fig.   3b Fig.4 were obtained by manually digitizing the published data in Ref. [12] . As a resul_ the acoustic signal plots may deviate slightly from the original experimental data. Because this ease is a windtunnel experiment, the observer location is fixed with respect to the rotor hub. The equivalent numerical simulation requires that the observer moves with the rotor hub in forward flight.
Excellent agreement is seen between experiment and computation for all of the microphone locations in Fig. 4 . The first three microphones are located at 3.44 rotor radii while a fourth is located at 6.88 radii. The computed peak negative pressures and wave shapes are very close to their experimental counterparts. The directivity of the acoustic signal is also computed accurately. The loudest noise radiates toward the advancing side of the rotor disk (microphone 3).
Results for the high-speed case are shown in Fig.  5 . The advancing-tip Math number has been increased to 0.896, and the amplitudes of the acoustic disturbances axe much higher than those in Fig.  4 . The computed results show reasonably good agreement with the experimental data but the peak negative pressures are underpredieted uniformly by about 20 percent. Note that the maximum acoustic amplitude is now directed straight ahead (microphone 2). This is seen in both the experimental and computed results.
A possible reason for this underprediction of peak negative pressures is shown in angle, where the surface shock at the blade tip is the strongest.The Mach-one lines are drawn darker than the other contours. Note that the supersonic region on the blade surface almost connects with the supersonic region in the far field.When this phenomenon occurs, it is referred to as delocalization and the surface shock is free to propagate to the far feld with very little dissipation.The acousticamplitude increases dramatically at the onset of delocalization.
The delocalizationphenomena is highly dependent on nonlinear transonic effectsthat occur near the blade tip. Fig. 6 shows that the flowfieldis not quite delocalized,but it should be noted that this CFD solution was computed for a nonlffi_g rotor.If the cyclicpitch and wake effectswere included in the computation, it is reasonable to assume that these might have some effecton the picture in Fig.   6 Figure 8 compares the original results for the high-speed case at microphone location 2 with those from a finer Kirchhoff
Discussion
The accuracy of the calculationscan be addressed by examining both the fundamental approximations in the Kirchhoff formulation and the mesh independence of the computed results. The first assumption in the Kirchhoff formulation isthattheKirchhoffsurface moves through undisturbed air. This isnot entirely truefora helicopter because lifl2ng rotorblades generateaerodynamic disturbancesin theirwake systems.The interaction of the acousticsignalswith the rotor wake outsidethe Kirchhoffsurfaceis not consideredin the presentmethod..The effect of thisapproximation should be small however. This is because a rotor in forward flightpropagates most of its acousticdisturbancesahead of it while the wake system is leftbehind.Thus there is little interaction between the forward-radiating acousticsignalsand the rotorwake.
Another basic assumption is that the speed of sound is constant outside the Kirchhoffsurface. The primary challenge for such computations will be the accurate modeling of the rotor wake system in the CFD solver.
